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ARTICLE INFO ABSTRACT 








Keywords: We calculated the band alignment among MgGeN2, ZnO and GaN compounds using density functional theory 
DFT (DFT) calculations. The norm-conserving pseudopotentials approach was performed to determine the band gap 
GaN of each compound. The band offsets at the interfaces of GAN/MgGeN>2 and ZnO/MgGeNz were calculated from 
ZnO the differences in the bulk band edges including the interfacial dipole-potentials. Moreover, the effect of strain 
Sade was also investigated to govern the lattice mismatches between MgGeNgz and substrates (i.e. GaN and ZnO). We 
Heterojunction found that the band alignment of nonpolar heterojunctions is type-I for GaN/MgGeNg2 and type-II for ZnO/ 


MgGeNgj respectively. From these results, the band offsets of GaN/ZnO were extracted by using transitivity rule 
and confirmed with the direct calculation. Moreover, the polar band offsets shift from nonpolar ones and change 
the band alignment of ZnO/MgGeN2 with (Mg,Ge)-O interface to type-I. These calculated band alignments 
present the potential of using MgGeN, in optoelectronic applications as an electron blocking layer for ZnO-based 


UV-LED and a quantum-well barrier for ZnO and GaN-based UV laser diode. 





1. Introduction 


The achievement of material growth in III-nitride semiconductors 
such as InN, GaN, and AIN in wurtzite structure enables numerous 
applications in modern electronics, especially high frequencies appli- 
cations e.g. blue-green light-emitting diodes (LEDs), high-resolution 
printing, and optical data storage devices [1,2] and also power tran- 
sistors for communication technology [3]. In commerce, LEDs based on 
III-N are manufactured as a double heterostructure (DH). It consists of 
three semiconductors as an n-type/intrinsic/p-type sandwich. Two 
semiconductors, n-type and p-type, are placed on two sides of the in- 
trinsic semiconductor, which has a smaller band gap. The band align- 
ment of all semiconductors in DH is type-I (straddling gap), which the 
larger gap semiconductors play a role as a wall of the quantum well to 
confine charges within a smaller band gap semiconductor. However, III- 
N is the binary compounds, which contain only one atom on cation site. 
This leads to lack of flexibility to modify electronic properties. Besides, 
Gallium (Ga) and Indium (In) are highly required for many technologies 
e.g. GaAs based-transistors; Indium tin oxide (ITO) in liquid-crystal 
displays (LCD), etc. Therefore, the ternary nitride semiconductors, II- 
IV-N>2, based on abundant elements have been proposed to be the al- 
ternative materials instead of III-N compounds [4,5]. It is expected that 
the property-trend of these orthorhombic II-IV-N2 semiconductors 
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should be similar to those of the wurtzite III-N compounds. MgGeNgj is 
one of the attractive materials from these II-IV-N2 series. It was pre- 
dicted to have a lattice constant as a, = 3.250 A [5] and a wide-direct 
band gap as 5.14 eV [5] which are comparable to those of GaN 
(3.189 A, 3.51 eV) and AIN (3.112 A, 6.25 eV) [6]. It should be noted 
that, a, is a lattice constant in wurtzite system which is equal to b/2, 
where b is a lattice constant in an orthorhombic system. Therefore, it is 
possible to grow MgGeNp with III-N to form the effective heterojunction 
for optoelectronics because they possess a small lattice mismatch of a 
few percent. Furthermore, ZnO also draws our attraction to build the 
heterostructure with MgGeN> due to its similar lattice constant and 
band gap to GaN. In addition, ZnO seems to be a good candidate for 
LED due to its excellent luminescent properties [7], but ZnO is still 
difficult to be doped as p-type semiconductor and to form a double 
quantum well heterostructure with GaN and AIN due to its type-II band 
alignment (staggered gap) [8,9]. In the past decade, to solve these 
problems, the p-GaN was used instead of p-ZnO. Nevertheless, the LEDs 
based on p-GaN/n-ZnO give a broad electroluminescence spectrum due 
to the emissions from both GaN and ZnO regions. To improve the 
electroluminescence, the electron blocking layer (EBL) such as MgO 
and AlN are placed at the interface of p-GaN/n-ZnO to block electrons 
moving to an n-ZnO region. Then, the strong emission intensity of n- 
ZnO can be achieved [10]. Moreover, by synthesis O-polar ZnO films on 
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N-polar GaN substrates, the stronger emission originating from ZnO in 
p-GaN/n-ZnO based LED was produced more than that from Zn-polar 
ZnO grown on Ga-polar GaN substrates [11]. It implies that the atomic 
interfacial structures are crucial for designing optoelectronic devices. 
These characteristics of the interface will directly affect the band 
alignment or the energy band offsets among semiconductors. However, 
the study of band alignment between MgGeN> and ZnO or MgGeNp> and 
GaN has recently found in only one paper [12] unlike the band offset 
between ZnO and GaN [9,12-19]. 

Therefore, we investigated the band alignment among MgGeNg, 
ZnO and GaN based on DFT-HSE. The electrostatic potential across 
heterojunctions among these materials and the dipole potentials at their 
interfaces were extracted in both nonpolar and polar directions by using 
three-step approach. For polar direction, two possible interfaces of 
heterojunctions were studied separately by vacuum inserting technique. 
At last, the variation of band offsets including and excluding strain 
effects in different interfacial orientations were clarified. 


2. Computational details 


The calculation in this work was performed using DFT based on 
norm-conserving pseudopotentials with plane wave basis sets [20]. All 
relaxed structures of bulk materials were obtained using the local 
density approximation (LDA). The plane wave cutoff energy was de- 
fined as 80 Ry with k-point mesh of 4 x 4 x 4. For the band gap 
calculation, we included hybrid functional from Heyd-Scuseria-Ern- 
zerhof (HSE) approach [21] with optimized norm-conserving Vander- 
bilt pseudopotentials [22]. The mixing parameter, a, which represents 
the fraction between short-range part of nonlocal Hartree-Fock and 
generalized gradient approximation (GGA) exchanges, were defined as 
0.31 and 0.38 for GaN and ZnO respectively [13,23], while for 
MgGeNp, it was defined as a = 0.25 to give a consistent band gap to 
QSGW results [12,24]. Then, the strained valence band offsets (VBO) of 
heterojunction between semiconductors A and B, VBO (A/B), was per- 
formed by using Eq. (1) and the effect of deformation potential, AEpp, is 
corrected to obtained the natural band offsets or the unstrained valence 
band offsets, VBO”* (A/B), as followed in Eq. (2). Then, the accom- 
panied conduction band offsets (CBO) can be gained by adding the 
difference between band gaps of A and B. Note that, for the symbol of 
A/B heterojunction, the left-hand side (A) is the substrate and the right- 
hand side (B) is the material grown on top of the substrate. 


VBO(A/B) = AEB — AEA + AVp 
=(E? — Vg) — (Ef — Va) + (Va — Vp) (1) 


VBO" (A/B) = VBO(A/B) + AEpp (2) 


The first and second terms on the right-hand side of Eq. (1); AE? and 
AE;* denote the bulk band edges of semiconductors A and B. The bulk 
band edge is the difference between the valence band maximum (E,) 
and the reference energy level (V ) which is a macroscopic-averaged 
electrostatic potential (MAEP) of a bulk material. The third term (AVp) 
is a dipole potential or the difference between the MAEP of A and B, 
obtaining from A/B-supercell-calculation [25]. Moreover, V is also 
denoted as a volume-averaged electrostatic potential (VAEP) or an 
average of planar-averaged electrostatic potential (PAEP), which can be 


obtained from V (z)= L S A V (z')dz’, PAEP, 


V (z) = < Í: V (x, y, z)dxdy, L is a distance between atomic layers and S 
is the area which is parallel to the interface. The MAEP is commonly 
used as the referent energy for band offsets calculation similar to a core 
level in XPS-like approach [25]. The last term in Eq. (2) is the reference 
energy level shift due to the deformation potential induced by strain. In 
short, it is called as a deformation potential energy(AEpp). Thus 
AEpp = AEfio0) + AEfoo1] and AEpp = AEfio0) + AEjo10) for nonpolar and 
polar heterostructures respectively. We note that the lattice parameters 
in wurtzite can be convert to orthorhombic parameters using the 


where, Vis a 
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Fig. 1. The overlaid wurtzite unit cell (red) on an orthorhombic unit cell 
(black). The relations between wurtzite and orthorhombic lattice parameters 
are; a = /3a,; b = 2ay; and c = cy. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this 
article.) 


following relations a = \/3a,,, b = 2ay and c = cy as shown in Fig. 1. 
The nonpolar directions for wurtzite and orthorhombic are [1010] and 
[010] while the polar directions are [0001] and [001] respectively. 

Here, we assumed that GaN and ZnO were the substrates with fixed 
lattice parameters, while MgGeN2 was grown on top with the same in- 
plane lattice constants as those of substrates. The out-of-plain lattice 
constant of MgGeN, was defined as that of its bulk. Thus, only AEpp of 
MgGeNz is considered in calculation of unstrained band offsets. To 
model the growing of MgGeN> on ZnO or GaN with strained condition, 
we created the supercell heterojunction of 6 unit-cells, containing 96 
atoms as presented in Fig. 2. The AEppwas calculated by using the three- 
step approach [26]. For supercell calculation, we employed the cut-off 
plane-wave energy as 80 Ry and the k-point grid along interface di- 
rection was reduced to 1 while the other directions were kept as 4. 

In particular, for the polar heterojunction with growth direction 
[001], different interfaces appear due to the periodic boundary con- 
dition. To study one single interface separately, the vacuum inserting 
will be performed to handle the induced filed from an undesired in- 
terface. However, there is an artificial electric field across the vacuum 
region, which can be compensated by the dipole correction. This cor- 
rection was proposed as Vigip(Z) = 4nm( = = L), O0<Z<Zm [27] 
where, m is the surface dipole density obtained from 
m=f ~ Pay (Z')zZ dz and Zm is the length of supercell. The size of a 
vacuum region is Z,,/2. This compensation makes the flat MAEP of ideal 
vacuum region occur. The interfaces in polar heterojucntions were 
named after the interfacial atomic structure or atoms at the interface. 
As shown in Fig. 2, there are two possible (Mg,Ge)-N and Ga-N inter- 
faces for GaN/MgGeNoz, (Mg,Ge)-O and Zn-N interfaces for ZnO/ 
MgGeNp, and Zn-N and Ga-O interface for GaN/ZnO. 


3. Results and discussions 
3.1. Crystal structures, band gaps, and deformation potential energies 


The lattice parameters of MgGeNz, GaN, and ZnO obtained from 
LDA are in good agreement with previous calculations using the same 
method [5,23,28] but are slightly less than experimental values as ex- 
pected [29-31]. The lattice parameters and the lattice mismatches of 
MgGeNp> respect to GaN and ZnO are listed in Table 1. It shows the 
small lattice mismatches within 3% in all directions, which means high 
possibility to grow heterojunction among these compounds. After the 
crystal structure optimization, we performed the calculations of HSE- 
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Fig. 2. shows supercell of (a) nonpolar and polar GaN/ZnO heterojunctions where (b) Zn and N atoms are located at the interface, named as Zn-N interface, (c) Ga 


and O atoms are located at the interface, called as Ga-O interface. 


band gap both with and without d-electrons as valence electrons in 
optimized Vanderbilt norm-conserving approach. It shows that all these 
materials have direct band gaps and performing without d-orbital va- 
lence electrons in ZnO and GaN requires high mixing parameters (a) to 
obtain gaps close to the reliably experimental values. Thus, we included 
d-orbitals as valence bands of Ga, Zn and Ge atoms. The band gaps and 
bulk band edges obtained from HSE are also listed in Table 1. By using 
a as 0.31 for GaN and a as 0.38 for ZnO [13]. Our calculated band gaps 
of GaN (3.46 eV) and ZnO (3.49 eV) are consistent to previous photo- 
luminescence spectral measurement for GaN (3.47 eV) [6] and ZnO 
(3.44 eV) [32] respectively. For MgGeNz, we performed HSE calcula- 
tion with a = 0.25 and got band gap as 4.52 eV. This is close to the 
recently calculated band gap of MgGeN»z using the QSGW method 
which are 4.11 eV [24] and 4.71 eV [12] respectively. It is noticeable 
that the band gap of MgGeNp was significantly reduced from 5.14 eV of 
the first QSGW work due to the lack of 3d-Ge semicore states in its 
calculation [5]. Recently, MgGeN2 was synthesized by the ammo- 
nothermal method and has the optical band gap of 3.2 eV measured 
from the diffuse reflectance spectra [33]. However, the accurate mea- 
surement of MgGeN2-band gap is remaining to be clarified because 
there are a few works reported recently. 

To obtain the deformation potential energies (AEpp), three different 
A/B heterojunctions were modeled i.e. Ga2N/MgGeNz, ZnO/MgGeNp, 
and GaN/ZnO, where A is a substrate and B is a strained compound. The 


Table 1 


Table 2 

Deformation potential energy (AEpp) in each direction and total AEpp of 
MgGeNp> and ZnO in eV, note that only two in-plane-AEpp occur in a both polar 
and nonpolar supercell. 


Compounds Type of AEFpp in each direction Total 
supercell 
[100] [010] [001] AEpp 
MgGeN> (GaN- nonpolar 0.19 - 0.16 0.30 
substrate) 
polar 0.19 -0.41 - —0.22 
MgGeNp> (ZnO- nonpolar 0.18 - 0.13 0.31 
substrate) 
polar 0.18 —0.22 - — 0.03 
ZnO (GaN-substrate) nonpolar -—0.07. - 0.02 —0.05 
polar — 0.07 —0.08 - —0.15 


AEpp due to transformation from unstrained B to strained B, was ac- 
quired from the homojunction-supercell-calculation following the 
three-step method [26] and shown in Table 2. It shows that AEpp in 
each direction of MgGeN2 increases with the rise of the lattice mis- 
matches between MgGeNp> and substrates. However, AEpp of strained 
MgGeN, on top of GaN and ZnO substrates are slightly different, 
especially in nonpolar supercell. This is because the lattice mismatch 


Lattice parameters, lattice mismatches, HSE band gaps (E,) and bulk band edges (AE;) of MgGeN>2, GaN, and ZnO. 


Compounds Lattice parameters (A) 

a b c 
MgGeN2 5.39 6.50 5.07 
ZnO 5.51 6.36 5.14 
GaN 5.47 6.32 5.15 


Lattice mismatches (%) Eg (eV) AEp (eV) 
b c 
- - 4.52 3.88 
-2.18 2.20 -1.36 3.46 1.90 
— 1.46 2.85 -1.55 3.49 4.06 
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Fig. 3. Averaged electrostatic potentials of nonpolar (a) Ga2N/MgGeNp, (b) ZnO/MgGeN> and (c) GaN/ZnO heterojunction. 


between GaN and ZnO are less than 1%. This is also true when the 
smallAEpp of strained GaN on top of ZnO was directly calculated as 
shown in Table 2. 


3.2. Band offsets of nonpolar heterojunctions 


For nonpolar heterojunctions, the flat MAEP can be observed in the 
region far away from interface as shown in Fig. 3 (a—c). This denotes the 
zero-electric field in a bulk structure and can represent the bulk-like 
region of each semiconductor. The magnitude of potential difference at 
the interfaces represents the AVp, which are listed in Table 3 for all 
interfaces. From Table 3, AVp at GaN/MgGeNp interface is almost zero. 
This suggests the small potential difference in nitride/nitride hetero- 
junction as seen in Fig. 3(a). Otherwise, at oxide/nitride interfaces, i.e. 
ZnO/MgGeN, and GaN/ZnO interfaces, a large interface dipole is 
generated as seen in Fig. 3(b) and (c). Later, nonpolar band offsets of 
heterojunctions were calculated as shown in Table 3. The strained band 
offsets of GAN/MgGeNp> and ZnO/MgGeN>j heterojunctions are 0.21 and 
— 1.04 eV for valence bands, and — 0.82 and —2.10 eV for conduction 


Table 3 
Dipole potential, valence and conduction band offsets of nonpolar heterojunc- 
tions in eV. 


A/B heterojunction AVp Strained* Unstrained > 

VBO CBO VBoO" CBona 
GaN/MgGeN> 0.03 0.21 — 0.82 0.56 — 0.47 
ZnO/MgGeN> 0.93 —1.04 — 2.10 — 0.73 —1.79 
GaN/ZnO (Transitivity) -— -— -— 1.29 1.32 
GaN/ZnO (Direct cal.) —0.83 1.32 1.36 1.27 1.30 


* “Strained” implies that material B is under strain. 
** “Unstrained” means that band offsets are corrected by adding AEpp or the 
natural band offsets. 


bands. Thus, the band alignment of GaN/MgGeN, and ZnO/MgGeN2 
are clarified in type-I and type-II respectively. For unstrained band 
offsets, which including AEpp, VBO and CBO are shifted to 0.56 and 
— 0.47 eV for GaN/MgGeN2z and —0.73 and —1.79 eV for ZnO/ 
MgGeN> as shown in Table. 3. Thus, the band alignment of GaN/ 
MgGeN> and ZnO/MgGeNz, are still clarified in type-I and type-II re- 
spectively. These types of band alignment are in agreement with pre- 
vious work using the electron affinity rule, although the smaller VBO of 
0.32 and —0.01 eV for GaN/MgGeN, and ZnO/MgGeNp> were reported 
[12]. Note that, the electron affinity rule is the simplest model for VBO, 
it does not included the interfacial dipole formation and strain effects. 

Moreover, by applying the transitivity rule to the unstrained band 
offsets of GaN/MgGeN2 and ZnO/MgGeNg, the band offsets between 
GaN and ZnO were obtained as 1.29 and 1.32 eV for VBO and CBO 
respectively. These results are well-compared with the direct calcula- 
tions of unstrained GaN/ZnO from this work, which are 1.27 and 
1.30 eV for VBO and CBO respectively. The agreement of these offsets 
obtained from transitivity rule and direct calculation supports that our 
band-offset calculation is reliable. In addition, the VBO of nonpolar 
GaN/ZnO in this work are also well-compared with previous PBE-HSE 
calculation with projected augmented wave (PAW) methods. Their VBO 
of GaN/ZnO are 1.59 eV [14] and 1.31 eV [13]. 


3.3. Band offsets of polar heterojunctions 


As the same as nonpolar heterojunction, the supercell was modeled 
to extract theAVp at the interface. Generally, wurtzite semiconductors 
exhibit a non-vanish dipole in [0001] direction due to lack of inversion 
symmetry. This induces an internal electric field and causes inclined 
MAEP inside materials. The PAEP and MAEP of GaN/MgGeNo, ZnO/ 
MgGeN, and GaN/ZnO heterojunctions are plotted as shown in Fig. 4(a- 
f). For GaN/MgGeN> heterojunction, as seen in Fig. 4(a) and (b), two 
different interfacial atomic structures, Ga-N and (Mg,Ge)-N interfaces, 
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Fig. 4. Averaged electrostatic potentials of polar heterojunctions. (a) GaN/MgGeN>2 with Ga-N interface, (b) GaN/MgGeN, with (Mg,Ge)-N interface, (c) GaN/ 
MgGeNp with Zn-N interface, (d) ZnO/MgGeN>2 with (Mg,Ge)-O interface, (e) GaN/ZnO with Zn-N interface, and (f) GaN/ZnO with Ga-O interface. 


Table 4 


Dipole potential energy, (AVp), valence band offset (VBO), and conduction band 
offset (CBO) of polar heterojunction in eV. 


Heterojunctions Interfacial atomic AVp Strained Unstrained 
structures 
VBO CBO VBO" CBO 
GaN/MgGeN>2 (Mg,Ge)-N 0.68 0.86 —0.17 0.65 — 0.38 
Ga-N —0.11 0.29 —0.74 0.08 —0.95 
ZnO/MgGeN> (Mg,Ge)-O 2.61 0.64 —0.42 0.61 —0.45 
Zn-N —0.63 -1.34 -2.41 -1.37 -2.44 
GaN/ZnO Ga-O 1.93 0.22 0.26 0.07 0.11 
Zn-N 0.50 1.65 1.68 1.50 1.53 


were modeled. In the same way, the Zn-N and (Mg,Ge)-O interfaces of 
ZnO/MgGeNp2 as well as Zn-N and Ga-O interfaces of GaN/ZnO were 
imitated as presented in Fig. 4(c-f). We assume that the effect of the 


interfacial dipole exists only in the two atomic layers near the interface. 
Thus, we firstly applied a linear least squares fitting, drawn as a blue 
lines in Fig. 4(a-f), to the MAFP of the middle three atomic layers which 
indicated by red dashed line. Next, AVp, listed in Table 4, were obtained 
from the difference between two points which defined as the intersec- 
tions of the blue fitting line and the interfacial atomic layer, indicated 
by a black dashed line in Fig. 4(a-f). The large AVp occur at the (Mg,Ge)- 
O and Ga-O interfaces due to the strong internal electric field (steep 
MAEP-slope) inside materials. Finally, the band offsets in polar direc- 
tion were calculated as presented in Table 4. 

Strained and unstrained band offsets of polar heterojunctions are 
different from those of nonpolar ones due to the variation of energy 
shifts in AVp andAEpp. Moreover, they also depend on their interfacial 
atomic structures as presented in Table 5. For Ga2N/MgGeNgz, the band 
alignments are classified in type-I, which is as same as that of nonpolar 
case. For ZnO/MgGeNg, strained band offsets at Zn-N interface slightly 
differ from those without strain due to cancellation between com- 
pressed and extended lattices or owing smallAEpp. The band alignment 


C. Kaewmeechai, et al. 


Table 5 
Atomic electronegativity (v), and electronegativity difference (Ay|) for each 
interfacial atomic structures. 


Atom Electronegativity(y) Interfacial Electronegativity 
[34,35] atomic difference (/Ay1) 
structures 

zn 1.59 (Mg,Ge)-N 1.42 

O 3.61 Ga-N 1.31 

N 3.07 (Mg,Ge)-O 1.97 

Mg 1.29 Zn-N 1.48 

Ge 1.99 Ga-O 1.85 

Ga 1.76 

(Mg,Ge)* 1.64 


* Note that, for (Mg,Ge), vis the average between Xue andy. 


at Zn-N interface is type-I but it turns to type-II for (Mg,Ge)-O interface. 
The dramatically large AVpat (Mg,Ge)-O interface is the reason for this 
change. The strength of interfacial dipole can be considered roughly 
from the difference between electronegativity (vy) of atoms at the in- 
terfaces. As seen in Table 5, y of oxygen is the largest and electro- 
negativity-difference (|Ay|) between (Mg,Ge) and O are the largest too. 
The band line-up of unstrained band offsets between any pair from 
MgGeN>, ZnO and GaN is depicted in Fig. 5. 

The band offsets of well-known polar GaN/ZnO heterojunction were 
also calculated in this work. For Zn-N interface, the unstrained VBO and 
CBO are large as 1.50 and 1.53 eV respectively. Conversely, For Ga-O 
interface, the unstrained VBO and CBO are very small as 0.07 and 
0.11 eV respectively. This vast variation of band offsets could be ex- 
plained from AV, or |Ay! like what occurs at (Mg,Ge)-O interface of 
ZnO/MgGeN > heterojunction. The dipole at Ga-O interface is much 
larger than that of Zn-N interface and this also can be explain from the 
trend of electronegativity. However, the band offsets of GaN/ZnO are 
found in type-II alignment for all interfacial atomic structures. 

For our polar GaN/ZnO, the average of natural VBO is 0.78 eV 
which is comparable with 0.8 eV measured by X-ray photoelectron 
spectroscopy (XPS) [15] and 0.7 + 0.1 eV measured by synchrotron 
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radiation photoemission spectroscopy [16]. Nevertheless, there are 
various experimental and theoretical studies for band offsets of polar 
GaN/ZnO, but the results are still inconsistency. For example, VBO 
were reported as 1.37 eV by transitivity rule [9], 0.38 and 0.47 eV from 
two samples with XPS [17], 1.0 eV and 0.5 eV from cation and anion 
compensated PBE-DFT [18], and 1.6 eV by the repeated slab geometry 
with virtual-hydrogen-terminated surfaces [19]. 


3.4. Band offset and applications 


From our calculated band offsets, we propose to use MgGeN, as 
electron blocking layer (EBL) in LED based on p-GaN/n-ZnO for en- 
hancing the emission in ZnO. A thin film of MgGeN2 with large CBO 
should be placed between GaN and ZnO to form p-GaN/MgGeN>2/n-ZnO 
heterojunctions as depicted in Fig. 6(a). This should be noted that the 
large CBO was found in nonpolar and Zn-N polar ZnO/MgGeN, het- 
erojunctions. Under forward bias, the large CBO will block electrons 
that move from n-ZnO but holes can transfer from p-GaN to n-ZnO due 
to small VBO. Thus electrons and holes will have a chance to re- 
combination in ZnO region. This could improve the efficiency of ZnO- 
based UV-LED. 

Moreover, we suggest that MgGeN, and GaN have a potential to 
build a quantum well for UV-laser diode. This is because GaN/MgGeN2 
has a type-I alignment in both nonpolar and polar directions with large 
VBO and CBO. Then, MgGeN2/GaN/MgGeN> could be created as a 
double heterostructure which can trap charge carriers in GaN region as 
seen in Fig. 6(b). MgGeNz> can be also applied along InN semiconductors 
because, by considering the transitivity rule of InN/GaN/MgGeN, and 
using band gap of InN as 0.78 eV [6], the band alignment of InN/ 
MgGeNz is also type-I. Similarly, ZnO/MgGeN2 with (Mg,Ge)-O inter- 
face also shows the potential to construct a double heterojunction, 
MgGeN2/ZnO/MgGeNp, as shown in Fig. 6(c). 


4. Conclusions 


We presented the equilibrium crystal structures of MgGeNo, GaN, 


(Mg,Ge)-N Ga-N 
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Fig. 5. The natural band alignment in (a) nonpolar ZnO/MgGeN2 and GaN/MgGeNz heterojunctions, (b) polar Ga2N/MgGeNz heterojunction, (c) polar ZnO/MgGeN> 


heterojunction and (d) polar GaN/ZnO heterojunctions. 
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p-MgGeN, 


ZnO by performing DFT. The lattice mismatches among these com- 
pounds were found within 3%, which shows their potential on het- 
erostructure-construction. In addition, the HSE electronic structures 
reveal that all three semiconductors exhibits the direct band gaps which 
are well-compared with previous works. The energy gaps are 4.52, 3.49 
and 3.46 eV for MgGeN >, GaN and ZnO respectively. By considering the 
electrostatic potential with interfacial dipole and deformation potential 
energy, the natural band alignment of nonpolar GaN/MgGeNo, ZnO/ 
MgGeN> and GaN/ZnO were found in type-I, type II and type-II with the 
VBO of 0.56, —0.73 and 1.27 eV respectively. For polar heterojunc- 
tions, the interfaces containing oxygen, i.e. (Mg,Ge)-O and Ga-O in- 
terfaces in ZnO/MgGeN2 and GaN/ZnO, show dramatically shift in 
band offsets due to the large electronegativity-difference. This changes 
the band alignment of ZnO/MgGeNz, with (Mg,Ge)-O interface, from 
type- II to I while the other heterojunctions still have the same type 
with changed offsets. From the band offset calculation, we suggested 
that MgGeN> can be used as an electron blocking layer in ZnO-based UV 
LED especially by growing nonpolar or (Mg,Ge)-N polar ZnO/MgGeNp. 
Furthermore, we also proposed the double heterostructure of n- 
MgGeN2/GaN/p-MgGeN > for UV-laser diode based on GaN-active layer 
and n-MgGeN2/ZnO/p-MgGeNgz, with (Mg,Ge)-O interface, for UV-laser 
diode based on ZnO active layer. 
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MgGeN> for UV-laser diode based on GaN-active 
layer, and (c) a double heterostructure of n- 
MgGeN2/ZnO/p-MgGeN>, with (Mg,Ge)-O inter- 
face, for UV-laser diode based on ZnO active layer. 
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